Abstract-This paper is concerned with the maximum power tracking of a pneumatically driven electric generator in a standalone small-scale compressed air energy storage system. In this system, an air motor is used to drive a permanent-magnet direct-current generator, whose output is controlled by a buck converter supplying power to a resistive load. The output power of the converter is controlled such that the air motor operates at a speed corresponding to the maximum power. A maximum power point (MPP) tracking controller employs a hybrid perturb and observe method. The rate of change of the converter's output power with respect to its duty cycle and the change of the power and the duty cycle are used to correct the search direction under transient input power fluctuations. Small speed step changes are used in the vicinity of the MPP to improve the accuracy of the search algorithm. However, relatively coarse speed step changes are used when the operating point is far from the MPP to improve the dynamic response of the controller and to increase its speed of convergence. The analysis and design of the controller are based on a small injected-absorbed current signal model of the power converter. The controller is experimentally implemented using a real-time digital signal processor system. Test results are presented to validate the proposed design and to demonstrate its capabilities.
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I. INTRODUCTION
L ARGE-SCALE compressed air energy storage (CAES) has been used for many years for power system reinforcement, including peak shaving and frequency balancing. It is also considered an attractive storage technology for renewable 0278-0046 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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energy sources that enables their integration within a power system [1] , [2] . Examples of large-scale CAES plants are Germany (290 MW), USA (110 MW), Israel (300 MW), Morocco (400 MW), and South Korea (300 MW), which are used for peak power shaving. These large plants obviously require massive underground storage areas. Recently, small-scale CAES (SS-CAES) systems have been developed for use in rural areas and developing countries. Such systems can be also used as parts of an uninterruptible power supply. In these small-scale systems, tanks or vessels are used to store the compressed air [3] . The air drives an air motor or a turbine, which in turn drives an electric generator that supplies power to consumers. SS-CAES is also potentially an alternative choice for use with renewable sources [4] - [7] . It is obviously environmentally friendly due to pure air being the only energy source for the charging and discharging process. Comparing the SS-CAES with more well-known energy storage devices such as lithium batteries [8] - [10] , the SS-CAES has a lower energy density, but batteries produce toxic waste and will possibly explode due to heating up from their internal resistance; therefore, a battery management system is required [10] .
The SS-CAES can be also integrated with thermal energy storage systems to increase their conversion efficiency [11] , [12] . The system in [11] and [12] has an output of 85 kW and delivers up to 15 min of power (21 kWh). It stores energy into a highpressure vessel produced by the billet formation process (above 310 bar) that relies on oil-lubricated reciprocating compressors that are nearly isothermal. The efficiency of this system is 72%.
The performance of the discharging process of the SS-CAES has further improved by using another strategy, i.e., maximum efficiency point tracking (MEPT) based on air motor characteristics [4] . Pressure flow and rate sensors are used to determine the motor speed corresponding to the maximum efficiency.
Reference [6] presents the simulation results of a P&O MPPT technique, which does not require the knowledge of the motor power-speed-pressure characteristics. However, these characteristics, together with a pressure transducer, are still used to provide the initial reference speed to enable quick conversion to the MPP.
In [13] , both MPPT and MEPT were investigated, and a system based on air motor characteristics was developed. The system also required the use of a pressure transducer.
The MPPT of photovoltaics (PV) using P&O techniques is known to have the drawback that the operating point oscillates around the MPP at a steady state [14] , [15] . The step-size selection of this method also directly affects the accuracy and the fast convergence to the MPP. It means that a large step size can speed up the convergence to the MPP, but it also results in high inaccuracies. In contrast, a small step size can provide high accuracy but slow convergence in response to the rapid changes of the operating conditions [16] . Furthermore, these methods can make wrong decisions on the required directions of the reference voltage or current values [17] . This results in energy losses during the confused direction and recovery periods. As will be seen later in the results presented in this paper, this could also occur in an SS-CAES system. This paper discusses the design and implementation of an MPPT controller for an SS-CAES discharge system, as illus- trated in Fig. 1 . In this system, an air motor is used to drive a permanent-magnet (PM) dc generator. Pneumatic-to-electricalenergy conversion is controlled to deliver power to a resistive load using a buck converter. Unlike the MPPT method presented in [13] , the real-time MPPT algorithm proposed in this paper does not require the a priori knowledge of the air motor characteristics or the use of a pressure transducer. It employs a novel hybrid P&O approach using coarse and fine speed steps to improve the convergence and accuracy of the MPPT. The algorithm can ensure that the correct direction of the speed step change is obtained under transient input power fluctuations. The system is analyzed using a small-signal model. A digital speed regulator is designed to control the output power of the dc generator such that the desired MPPT is achieved. The MPPT algorithm is simulated and implemented experimentally.
II. SYSTEM MODEL
In the following sections, we derive the linearized models of the air motor, the electric generator, and the dc-dc converter.
A. Air Motor Model
In this paper, air motor LZB 14 AR034 (100 W) [18] is used. The motor's mechanical torque (T am_pi ) equation as a function of the air motor speed (ω r ) in the inlet pressure (p i ) changes is as follows:
Applying (1) to the mechanical power of the air motor (P am_pi ) results in
Based on the motor characteristics, the following expression for air flow dV a /dt(l/s) can be derived: In the aforementioned equations, the stall torque is given by
, and the maximum air flow is given by
, c 1 , and c 2 are real constants determined using the curve fitting of the experimental performance curves of the air motor. Using the aforementioned equations, the power-speedpressure characteristics of the motor can be plotted, as shown in Fig. 2 . As can be seen in this figure, the maximum power line of the air motor power surface characteristic strongly depends on the pressure and the speed.
B. PM DC Generator Buck Converter Models
A PM dc generator buck converter switching cell is shown in Fig. 3 . This figure shows the five parameters needed for creating the mathematical relationships among the averaged quantities, i.e., the generator's EMF (e ag ), the generator's armature current (i ag ), the output voltage (v o ), the inductor current (i L ), and the switch duty cycle (D). In this figure, r ag is the armature resistance, and L ag is the armature inductance of the generator.
The dynamic behavior of the PM dc generator driven by a prime mover (the air motor) is obtained by Newton's second law as
where ω r is the angular velocity of the air motor and the generator, K e is the generator's torque constant, B t is the total of the viscous friction coefficients of the combined air motor and generator, and J t is the combined moment of inertia of the air motor and the generator. The shaft power of the air motor is given by
The rate of change of P am with respect to the changes in the speed is
The voltage transfer function
is the ratio of the Laplace transforms of the average output voltage (V o ) to the input voltage of the back EMF (E ag ) that depends on the converter's topology and duty cycle D and the efficiency of the power converter η c , as shown in the following [19] :
The derivative of the shaft power of the air motor with respect to the duty cycle changes is
C. Small-Signal Model of Overall System
Fig. 4 consists of two main parts for achieving the required speed command at the MPP, including a small-signal model of the PM dc generator, a buck converter, and two cascaded proportional-integral (PI) controllers.
The small-signal model was created based on the frequencydomain transformation of (4)- (7) and the output impedance (C o and R L in parallel). It is also based on Fig. 3 using an injectedabsorbed current method under a continuous-mode condition [20] . This model has been already reported in [13] as follows:
The exponential functions of the injected current in this converter topology are approximated using a Taylor series up to the second term. τ is the time constant (L t /r ag ), and L t is the sum of the inductance of the basic converter in the continuous mode L [21] and the inductance of the generator rotor winding L ag ; C o is the output capacitance, and I m is the minimum inductor current (I m > 0). T is the time period of switching, and R L is the load resistance; K m is the motor's speed constant. Cascaded PI controllers are used for regulating the inductor current and the speed, the details of which are explained in the following section.
D. Speed Regulator
The speed regulator controls the speed of the motor to match that set by the MPPT. The regulator has two PI loops, i.e., an inner feedback loop of the inductor current and an outer speed feedback loop, respectively, as shown in Fig. 4 . A Hall effect sensor is used to measure the inductor current, followed by a low-pass filter. Similarly, the speed signal is filtered using a low-pass filter as follows:
The two first-order filters have a cutoff frequency of ω cutoff = 10π rad/s. Assuming sufficiently fast computational speed and data acquisition by the analog-digital and digital-analog converters, the time delay T d in the controller that is caused by the computational time, which is modeled as e T d s , can be neglected. A sampling frequency (1/T sc ) of 20 kHz is selected to be at least ten times faster than the current-loop bandwidth [22] .
The discrete transfer functions of the system were derived assuming that a zero-order hold was used, and the Bode diagram method was used to select the parameters of the G ci (s) controller loops and outer speed G cω (s). 
Equation (14) was plotted on a Bode diagram, and the stable region of the phase margin, i.e., 30
• -60
• [23] , was selected in 
G ωp (s) was also considered with the stability phase margin in the Bode diagram for selecting the parameter of the G cω (s) controller without a filter, where
The parameters of the system are shown in Table I . respectively. The inner loop has a much higher gain crossover frequency and, hence, a much faster response and a higher gain than the outer loop in accordance with the guidelines for tuning cascaded PI controllers [23] .
III. MPPT CONTROLLER
To discuss the principle of the operation of the MPPT controller, consider the power-speed and duty-cycle-speed curves that are shown in Fig. 6 . In this figure, (2) was used to plot the air motor shaft power at the rated pressure and as a function of the speed. From (7), the air motor power can be expressed in terms of the duty cycle of the buck converter, the motor speed, and resistive load R L as
The duty cycle versus the air motor power can be then plotted in Fig. 6 from (16) , (2), and (1) as a function of the speed. In Fig. 6 , the duty-cycle-speed curve assumes that the output power is 100 W, that the buck converter efficiency is 90%, and that the friction losses (P losses ) are negligible. Below a certain speed, the duty cycle of the buck converter increases above 95%; thus, the power controller becomes unstable. Accordingly, the MPPT controller sets the reference speed to a minimum value of N r min if the duty cycle increases above 95%. In practice, the reference speed is also initially set to its minimum value when the system starts.
The basic principle of a P&O algorithm is to increase the speed in small steps when the operating point is to the left of the MPP or to decrease it if the operating point is to the right of the MPP until the rate of change of the power with respect to the speed becomes zero. As the operating point approaches the MPP, the speed step changes need to ideally reduce in magnitude so that the MPP is not overshot. In Fig. 6 , the region in the vicinity of the MPP, where the speed step changes are small, is labeled as the fine-tuning area. Areas outside this region are labeled as coarse-tuning areas; in these areas, the speed step changes are large.
To determine the direction and magnitude of the speed change and whether the MPP has been reached, it is necessary to determine the derivative of the power as a result of a change in the speed. Alternatively, since the speed controller effectively sets the duty cycle of the buck controller, one could consider the derivative of the power with respect to the duty cycle. The maximum power is reached when its derivative with respect to either the speed or the duty cycle is zero. The derivative of the output power with respect to the motor speed (ΔP am /Δω r ) and the derivative of the output power with respect to the duty cycle of the buck converter (ΔP am /ΔD) are shown in Fig. 7 . It can be seen that positive ΔP am /Δω r and negative ΔP am /ΔD provide an increment in the step speed command (Δω com ) when they are on the left-hand side of the MPP, but Δω com is decreased when negative ΔP am /Δω r and positive ΔP am /ΔD are on the right-hand side of the MPP.
In order to define the correct search direction for the MPP, possible speed responses due to input power fluctuations during a sampling interval, which are caused by pressure fluctuations, are illustrated in Fig. 8 . Such fluctuations could be caused by the variations of the power input to the compressor that could be solar or wind powered. In Fig. 8(a) and (b) , the input power is decreasing, as indicated by the downward arrows, and in Fig. 8(c) and (d) , it is increasing, as indicated by the upward arrows. In Fig. 8(a) , the MPPT controller demands an increase in the speed at instant k. Without the input disturbance, the speed is expected to follow the demand (the square wave curve). However, if the air motor power reduces during that interval (ΔP am < 0), then the speed at instant k + 1 may be less or greater than the reference value. This figure illustrates two cases: the first case, which is labeled as "small positive," is when the final speed at instant k + 1 is greater than the speed at k, and the second case, which is labeled as "small negative," is when the final speed at instant k + 1 is less than the speed at instant k. If the final speed was slightly less than the value at the previous sampling instance k, then the speed change (Δω r = ω r [k + 1] − ω r [k]) will be slightly negative (SN), and the resultant derivative of the power with respect to the speed will be a big positive (BP) value; the MPPT will decide to increase the speed. However, if the speed at k + 1 is slightly positive (SP), then the derivative of the power with respect to the speed ΔP am /Δω r will be a big negative (BN) value, and the MPPT will decide to decrease the speed. If the operating power point was on the right of the MPP, then the correct decision would be to decrease the speed. In other words, an MPPT algorithm using ΔP am /Δω r could potentially make the wrong decision about the direction of the change of the speed due to transient power changes. Similar arguments can be made about Fig. 8(b)-(d) , where a power fluctuation could result in the MPPT losing direction. Fig. 9 illustrates the air motor power and the converter duty cycle versus the speed curves at different pressures of 6 and 4 bar; the curves were plotted using (1), (2) , and (16) . It can be seen that ΔD and Δω r are related. If Δω r decreases, ΔD will also decrease. In the same vain, ΔD will increase if Δω r goes up. For example, in the small positive scenario in Fig. 8(a) , the operating point is assumed to be in the vicinity of MPP1 when the pressure reduces, and as a result, the operating point moves to a lower level on the power-speed curve. If the speed increases to point P 1 (and the duty cycle decreased to D 1 ), then derivative ΔP am /Δω r < 0 (ΔP am /ΔD > 0) and the MPPT controller will make the correct decision to decrease the speed toward MPP2. If, however, the speed reduces to point P 2 (the duty cycle moves to D 2 ), then ΔP am /Δω r > 0(ΔP am /ΔD >0) and the controller will make the wrong decision of increasing the speed, thus moving away from MPP2. However, in either case, the duty cycle D of the converter decreases, and derivative ΔP am /ΔD will be positive, suggesting that the speed should be decreased and that the MPPT algorithm based on this derivative will not make a wrong decision about the direction of the change of the speed. Similar discussion can be had about the remaining scenarios in Fig. 8 when the power increases, and the resultant derivatives are summarized in Table II . In some cases, using ΔP am /Δω r could also cause the algorithm to lose track. However, using ΔP am /ΔD will consistently result in the wrong decision to be made if the criteria based on Fig. 7 are used. Fortunately, this can be corrected by observing the sign of ΔD, as suggested in Table II . If ΔP am /ΔD > 0 but ΔD > 0, then the speed is increased. If, however, ΔD < 0, then the speed is correctly decreased.
A flowchart of the hybrid P&O MPPT algorithm is illustrated in Fig. 10 . The initial speed reference is set to the minimum value. At every time step, the speed and the inductor current are measured. The speed regulator controller computes the duty cycle from (7). This is then used to estimate the torque and power of the air motor based on the discrete forms of (4) and (5) . The changes in the speed, the power, the torque, and the duty cycle are then calculated by taking the difference between their current values and their values during the previous time step. If the duty cycle is greater than 95%, then the speed reference is set to the minimum speed. Based on the value of σ, the controller determines whether it is in the fine-or coarsetuning area. According to Table II, derivative ΔP am /ΔD and ΔD are used to determine whether to increase or decrease the reference speed. In the coarse-tuning region (when (|ΔP am | > σ), if derivative ΔP am /ΔD is positive and ΔD is negative, then the reference speed is decreased by an amount of Δω c , and if derivative ΔP am /ΔD is either negative or positive and ΔD is positive, then the reference speed will be increased by the same amount. If the absolute value of the different air motor power is below a certain threshold σ(|ΔP am | < σ), then the controller will assume that it is in the fine-tuning area, and derivative ΔP am /ΔD and ΔD are also used to determine the direction of the speed change, i.e., the speed will be increased or decreased by a smaller value Δω f . Therefore, the big step size Δω c and the small step size Δω f are provided for fast convergence and accuracy to the MPP. In this paper, Δω c is defined to be less than a width of a point between the MPP and N r min (see Fig. 6 ), whereas Δω f is set to roughly 10% of Δω c .
IV. SIMULATION
The mathematical models of the discharging process including the proposed MPPT algorithm and the speed regulator are implemented using the SimPowerSystems of Matlab/Simulink. The system parameters are shown in Table I . The inductor current and the generator's speed are sampled at a frequency of 20 kHz. The MPPT algorithm is fed by the measured data from the inductor current and the generator's speed, which are sampled at T sm = 2 s intervals (greater than the settling time of the speed regulator of approximately 1 s). This information is used to power the air motor by the controller. It is assumed that perfect gas in a large cylinder is discharged at isothermal conditions. Kinetic and frictional losses are ignored. Therefore, the mass flow of the air that is released to the air motor is only proportional to the pressure changes within the cylinder. Fig. 11 shows the speed, the power, and the torque under varying pressure conditions. In the speed versus time graph, the optimal speed curve (red) is the speed at which the power is maximum for a given pressure, as calculated from the air motor characteristics. The green speed curve is the demand speed calculated by the proposed algorithm, and the black speed curve is the actual measured speed. As can be seen, following a short transient, the MPPT algorithm has successfully produced correct speed demands when the pressure changes from 6 to 4 to 2 to 4 to 5 bar and then to 2 bar again. Fig. 12 illustrates the experimental implementation of the discharging process with a buck converter using a dSPACE MicroAutobox II system that can be graphically programmed using Matlab/Simulink. The PM dc generator is a LEMAC/ 65167-008 (24 V, 3000 r/min, and 250 W) generator. An Atlas Copco LZB 14 AR034 (100 W) air motor was directly coupled to the generator. The data from an optical encoder and current sensors were sampled at a frequency of 20 kHz. A low-pass filter with a cutoff frequency of about 10π rad/s was used to filter the current signals within the speed regulator controller. The cascade PI speed controllers were designed, as discussed earlier. The MPPT controller provides the optimal speed reference by using a sampling period time T sm = 2 s, which was determined by estimating the settling time of the actual speed from the speed regulator design, as discussed earlier. The 100-VA buck converter used MOSFET switching at 10 kHz and delivered power to a resistive load (R L = 0.25 Ω). The system parameters are as shown in Table I .
V. EXPERIMENTAL IMPLEMENTATION AND RESULTS
The efficiency of the air motor used in the experiments is 12% and at 6 bar and the MPP. The overall efficiency of the system from the air input to the electric power output is about 7%. This is similar to the efficiency of the laboratory system described in [4] , which used a similarly small air motor. The efficiency of these small CAES systems is very low compared with the efficiency claimed in the literature for large systems; an efficiency value of 72% was claimed in [11] and [12] , as aforementioned. The low efficiency is primarily due to the poor efficiency of the small air motor that is used in the experiments.
Higher efficiency values are possible with larger CAES systems using multistage turbines with preheating between expansion stages using highly efficient heat exchangers [24] , [25] .
As a benchmark, a ΔP am /Δω r based on (6) was implemented, and the results are shown in Fig. 13 . As can be seen, during pressure transients, the algorithm produces the wrong speed change, which results in slower conversion to the optimal speed and in increased power losses.
The experimental results of the proposed hybrid MPPT algorithm are showed in Fig. 14 . The value of σ = 2 W was used such that the width of the fine-tuning region is Δω c . Again, using ΔP am /Δω r can result in the MPPT direction of the search confusion, as illustrated in Fig. 14(c) . Moreover, ΔP am /ΔD on its own can result in MPPT confusion, as illustrated in Fig. 14(d) . However, using both ΔP am /ΔD and ΔD in Fig. 14(e) produces the correct search direction and results after a short transient in finding the MPP following each of the step pressure changes. Fig. 15 shows the comparison of the average speed for the simulation and the experimental results using the proposed MPPT algorithm. It can be seen that the experimental and simulation results are very close to each other, particularly for medium pressure changes, and both accurately track the optimal speed curve. The tracking errors can be reduced by improving the estimation of system characteristics such as mechanical losses.
VI. CONCLUSION
This paper has investigated the design and performance of a number of possible P&O MPPT algorithms for an SS-CAES system. Using the rate of change of the power with respect to the speed was found to cause the commonly used P&O MPPT algorithm to lose its direction of search as a result of compressed air pressure fluctuations. Using the rate of change of the power with respect to the duty cycle of the dc-dc converter was found to perform better in this respect, but it still loses the correct search direction under certain circumstances. This, however, could be corrected by using the sign changes in the duty cycle.
The proposed algorithm may be also used in PV or wind turbine systems.
